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In Brief
Transfer of nutrients from the maternal seed coat to the filial embryo involves an apoplastic export step because these tissues are symplastically isolated.
Vogiatzaki et al. demonstrate that the PHO1 phosphate exporter is expressed in the chalazal seed coat and contributes to the transfer of phosphate to the embryo in developing Arabidopsis seeds. 
INTRODUCTION
Development and maturation of the embryo are essentially dependent on the supply of nutrients from the maternal tissues, encompassing the seed coat derived from the ovule integuments, to the filial tissues, which include the endosperm in addition to the embryo. Nutrients being transferred to the filial seed tissues include carbon and nitrogen, largely in the form of sucrose and amino acids, respectively, as well as macroelements, such as inorganic phosphate (Pi), and microelements, such as zinc and iron [1] . The bulk of nutrients reach the seed through the phloem. In the majority of monocots and dicots, the vascular strand is typically embedded throughout the ground tissue of the seed coat. In the model dicot plant Arabidopsis thaliana and several Brassica species (such as Brassica napus; rapeseed) that have anatropous ovules, the vascular bundle terminates at the end of the funiculus in the chalazal seed coat (CZSC) [1, 2] . Although the phloem and the CZSC are symplastically connected, the seed coat and filial tissues are symplasmically isolated, e.g., they are not connected via plasmodesmata [2, 3] . This symplastic isolation between maternal and filial tissues in seeds implies that nutrients arriving in the seed coat via the phloem must be exported to the apoplast in order to subsequently be acquired by the developing embryo via re-import into the symplastic space.
Although several proton-coupled symporters have been identified as playing important roles in the import of sucrose and amino acids into the embryo [1, 4] , the identification of proteins involved in their export to the seed apoplastic space has remained elusive. Recently, proteins belonging to the SWEET and UmamiT family of transporters have been implicated in the export of sucrose and amino acids, respectively, out of the seed coat for nutrient transfer to the embryo [5, 6] . Similarly, members of the HMA family of heavy metal transporting ATPase have been shown to mediate zinc export out of the seed coat [7] .
Phosphorus (P) is one of the major inorganic nutrients stored in seeds. P is acquired by the seed as Pi and primarily stored in the form of phytate. Pi transport across the plasma membrane into the cytosol is mediated by members of the PHT1 family of Pi/ H + co-transporters [8] . Although several members of the PHT1 gene family are expressed in rice (Oryza sativa) and wheat (Triticum aestivum) seed tissues [9] [10] [11] , our current understanding of the dynamics and proteins participating in seed Pi homeostasis is very fragmentary. In particular, it is currently unknown how Pi is exported from the maternal seed coat to the embryo.
The PHO1 gene was first found to be important for the loading of Pi into the root xylem vessel, a step requiring Pi export to the xylem apoplasm [12, 13] . A. thaliana and rice pho1 mutants are defective in the transfer of Pi from roots to shoots, resulting in a strong Pi deficiency in shoots [13, 14] . Specific Pi export activity of PHO1 has been demonstrated through its ectopic expression in leaves and protoplasts [15] . Furthermore, the insect and mammalian homologs of PHO1, named XPR1, also mediate specific Pi export when ectopically expressed in human cultured cells [16] and/or tobacco leaves [17] . The A. thaliana PHO1 gene family contains 11 members, and only the closest homolog of PHO1, named PHOH1 (previously PHO1;H1), was shown to contribute to Pi export in the root xylem apoplasm, indicating that it can also mediate Pi export [18] . Beyond its role in Pi transfer from roots to shoots, PHO1 is expressed in guard cells and plays a role in the response of stomata to abscisic acid [19] .
Considering the action of PHO1 as a Pi exporter in roots, we hypothesized that it could participate in the transfer of Pi from the seed maternal to filial tissues. In this work, we show that PHO1 and its closest homolog PHOH1 are expressed in the CZSC. Using mutants as well as CZSC-specific RNAi downregulation of PHO1 in WT plants and CZSC-specific expression of PHO1 in the pho1 mutant, we show that PHO1 participates in the transfer of Pi from the CZSC to the embryo.
RESULTS
Expression Pattern of PHO1 and PHOH1 in Arabidopsis Floral Reproductive Tissues and Developing Seeds Publically available transcriptomic data of developing Arabidopsis seeds generated using the Affymetrix ATH1 array (http:// seedgenenetwork.net/arabidopsis) [20] indicated that both PHO1 and PHOH1 were expressed in the CZSC, with additional PHO1 expression in the general seed coat ( Figure S1 ). To validate these data and expand analysis to floral reproductive tissues, transgenic A. thaliana lines expressing PHO1-b-glucuronidase (GUS) or PHOH1-GUS fusion proteins were generated using genomic DNA containing the full coding region and 2 kbp upstream of the translation start site. For both constructs, a minimum of 5 independent lines showing similar expression patterns were analyzed. PHO1-GUS expression was found in the stamen filament vasculature as well as the tissue connecting the two locules of the anthers, whereas in the carpel, expression was in the vascular strands as well as in the developing ovules ( Figure 1A ). In developing seeds, PHO1-GUS expression occurred in the CZSC and micropylar seed coat in the globular stage but was essentially confined to the CZSC at later stages, including at the mature green stage ( Figures 1B and 1C) . In floral tissues, PHOH1-GUS expression was similar to PHO1-GUS, with GUS staining in the stamen filament vasculature and the tissue between the locules, as well as in the carpel vascular strands, but no expression was detected in the ovules ( Figure 1D ). In developing seeds, expression of PHOH1-GUS was confined to the CZSC from the globular stage until the mature green stage ( Figures  1E and 1F) .
The expression pattern of PHO1-GUS in the ovules was examined in more detail. PHO-GUS activity was detected as early as in the pre-meiotic stage in ovule primordia, in the meiocyte itself (ovule stage 3-I; Figure 2A ), and then, following meiosis, in the L1 layer of the nucellus and the functional megaspore (stages 3-II to 3-V; Figures 2B-2D ). Subsequently, PHO1-GUS activity was restricted to the inner integuments from stages 3-V until 4-II ( Figures 2E-2G) .
Analysis of transgenic lines expressing either PHO1-yellow fluorescent protein (YFP) or PHOH1-GFP fusion genes under the control of their respective promoter essentially reproduced the expression pattern observed with PHO1-GUS and PHOH1-GUS constructs, with the exception that a signal in the micropylar seed coat could be observed in the globular and mature green stage for PHO1-YFP and in the globular stage for PHOH1-GFP ( Figures S2 and S3) .
Analysis of Size, Weight, and P Content in Seeds of pho1 phoh1 Double Mutants The implication of both PHO1 and PHOH1 in the export of Pi [15, 21] as well as their overlapping expression profile was that they were likely to have redundant functions in developing seeds. Whereas pho1 mutants are viable and fertile, all aboveground tissues experience continuous Pi-deficiency stress, leading to reduced growth and seeds with low P content [13] .
The double mutant pho1 phoh1 shows a more severe phenotype and does not complete its life cycle under normal growth conditions [18] . In order to bypass the negative effects of the constant shoot Pi-deficiency stress of both pho1 single mutants and pho1 phoh1 double mutants and allow an analysis of the contribution of these genes to seed development and Pi homeostasis, analysis was restricted to grafted plants between a mutant scion and a WT root. Such grafted plants have previously been shown to have normal shoot Pi (because WT roots supply an adequate amount of Pi to the shoot) and show WT-like shoot and inflorescence growth as well as normal seed yield, even though the shoots and developing seeds are genetically mutant [18] ( Figure S4 ).
To generate a seed stock of the pho1 phoh1 double mutant, a segregating seed population obtained from pho1/PHO1 phoh1/ phoh1 or pho1/pho1 phoh1/PHOH1 plants was germinated in an agar-based medium and then shoots were grafted onto WT roots. The resulting grafted plants were grown in soil and subsequently genotyped to identify the grafts with shoots derived from homozygous pho1 phoh1 plants.
Analysis of seed size distribution, average seed weight, as well as total P and Pi content in fully mature dry seeds did not reveal a significant and reproducible difference between WT/WT selfgrafted controls (for all grafts the numerator represents the shoot and the denominator represents the root) and grafts of two independent double mutants made using distinct pho1 and phoh1 alleles, namely the pho1-1 phoh1-1 double mutant (hereafter DM1.1) and the pho1-2 phoh1-4 double mutant (hereafter DM2.4) (Figure 3 ). Analysis by light microscopy of seed development in pho1-1/WT-and DM1.1/WT-grafted plants did not detect any significant changes compared to WT/WT self-grafted controls ( Figure S5 ).
Flux of Pi from Seed Coat to Embryos
Expression of PHO1 and PHOH1 in the CZSC suggested that transfer of Pi from the maternal seed coat to the filial embryo could be compromised in the corresponding mutants. To examine this, a seed Pi flux assay was developed whereby 33 Pi was supplied to siliques with embryos at the mature green stage via the immersion of the cut end of the inflorescence in a radioactive solution for 12-18 hr, followed by manual dissection of the seed coat from the embryo and determination of 33 P content in both fractions. Whereas the distribution of 33 P was approximately equal between the seed coat and embryo for seeds of WT/WT and either phoh1-1/WT or phoh1-4/WT, a higher proportion of 33 indicate that PHO1, but not PHOH1, had a significant role to play in the transfer of Pi from the seed coat to the embryo at the mature green stage of development.
CZSC-Specific Expression and Downregulation of PHO1
To further examine the implication of the expression of PHO1 in the CZSC for seed Pi homeostasis, the gene was cloned as a GFP fusion (PHO1-GFP) under the control of the CZSC-specific promoter from the pARR22 gene [22] . The construct was first transformed into DM1.1/WT-grafted plants, and the resulting seeds were selected on agar-based medium for hygromycin resistance and then immediately grafted onto a WT root. Successful grafts from independent transgenic plants were grown in soil to generate a stock of transgenic seeds named DM1.1-CP. Expression of PHO1-GFP specifically in the CZSC was confirmed in the DM1.1-CP lines by confocal microscopy ( Figure 5A ). Using the 33 Pi seed-flux assay, it was observed that the CZSCspecific expression of PHO1-GFP in the DM1.1 genetic background line resulted in a decrease in the proportion of 33 P that is found in the seed coat, with values being similar to WT/WT plants ( Figure 5B ). No significant change in the distribution of 35 S could be observed when 35 SO 4 was used instead of 33 Pi ( Figure 5C ). An artificial microRNA aimed at downregulating the expression of the PHO1 gene (amiRNAPHO1) was constructed and shown to efficiently reproduce the phenotype of the pho1 mutant when expressed under the PHO1 promoter ( Figure S6 ). The same amiRNAPHO1 construct was then placed under the control of the pARR22 promoter and transformed into ungrafted WT plants to generate the independent transgenic lines amiRNA1.2 and amiRNA2.3. The 33 Pi/ 35 SO 4 seed-flux assay revealed an increase in the proportion of 33 P that is retained in the seed coat of these two transgenic lines compared to the WT control, whereas the flux of 35 SO 4 was unchanged ( Figure 6 ). Altogether, these experiments showed that expression of PHO1 specifically in the CZSC was sufficient to modify the flux of Pi from the seed coat to the embryo at the mature green stage of seed development.
Impact of PHO1 on the P Content in Seeds
The impact of PHO1 expression on the distribution of total P between the embryo and seed coat was first measured at the mature green stage of development (Figure 7A ). The proportion of total P in the seed coat was significantly higher in DM/ WT and pho1/WT compared to WT/WT, but not in phoh1/WT seeds. Furthermore, CZSC-specific expression of PHO1 in transformed DM plants DM1.1-CP.1 and DM1.1-CP.2 decreased the proportion of P in the seed coat to levels similar to WT/ WT plants. However, analysis of the distribution of total P in fully mature dry seeds did not show a significant difference between the DM/WT plants and the WT/WT control ( Figure 7B) . Similarly, distribution of total P in fully mature dry seeds did not show a significant difference between the Pi-deficient plant DM/pho1.2 and the WT/pho1.2 control ( Figure 7C ).
DISCUSSION
The seed coat plays numerous important roles in seed physiology, including the protection of the developing embryo and the control of both dormancy and germination [23] . The CZSC is, however, distinctive from the rest of the seed coat in several aspects. Being the site where the vascular strand ends in many seeds, including Arabidopsis, the CZSC represents an area of nutrient unloading and an important interface connecting the maternal and filial tissues [2] . The Arabidopsis CZSC epidermis is morphologically distinct from the more distal outer seed coat, with no secondary wall thickening made of cellulose or mucilage, and fewer and smaller starch granules [24] . Transcriptomic analysis of the CZSC and distal seed coat showed that although these tissues share extensive gene expression patterns early in development, they have distinct transcriptional programs later in the maturation phases. For example, numerous genes involved in either water, sugar, or amino acid transport are more expressed in the maturing CZSC than in the distal seed coat [24] .
Analysis of plants expressing GFP from the companion-cellspecific SUC2 promoter showed that the symplastic postphloem movement of GFP in developing seeds was restricted to the CZSC, or unloading domain, and that no GFP could move to the more distant seed-coat layers or toward the endosperm [2] . If the symplastic path to Pi is the same as for GFP, this would imply that transfer of Pi beyond the CZSC would require an export to the apoplasm. The current work shows that at the mature green stage of seed development, PHO1 expression in the CZSC accounted for nearly half of the Pi flux from the seed coat to embryo (Figures 4 and 5) . These results reveal that Pi export to the CZSC apoplast is an important step for the subsequent acquisition of Pi by the developing embryo. However, the observation that in the absence of PHO1 the embryo still receives enough Pi to sustain normal seed development implies that other genes and/or pathways also contribute to the transfer of Pi from the maternal to the filial tissues. The expression pattern of PHO1 in the CZSC is similar to the amino acid facilitators UmamiT11 and 14, involved in amino acid export from the seed coat, whereas UmamiT28 was expressed in the endothelium and cellularized endosperm and UmamiT29 in the seedcoat inner and outer integuments. Interestingly, single mutants in any of these four UmamiT genes resulted in an increase in amino acid content in seeds, indicating that efflux of amino acids in all of these tissues contributes to the seed nitrogen content [6] . Similar involvement of several SWEET sucrose exporters in distinct seed tissues, including the micropyle, endosperm, CZSC, and seed-coat integuments, are thought to sequentially contribute to sucrose export to the embryo [5] . Transcriptomic data of developing Arabidopsis seeds provide clues to other genes that could contribute to Pi flux from the maternal to filial tissues [20] . For example, the PHO1 homologs PHO1;H3, PHO1;H5, and PHO1;H8 are also expressed in various seed tissues, including the endosperm, CZSC, and distal seed coat, and could thus potentially act redundantly or complementarily with PHO1 in seed Pi homeostasis ( Figure S7 ).
Whereas DM/WT grafts showed an increased accumulation of P in the seed coat at the mature green stage of seed development compared to the WT/WT control, fully mature dry seeds of DM/WT grafts showed no difference in P distribution compared to the WT/WT control ( Figures 7A and 7B ). There was also no significant difference in P distribution in fully mature seeds between DM and WT when plants were subjected to Pi deficiency via the use of a pho1 rootstock in the grafts (DM/pho1-2 versus WT/ pho1-2) ( Figure 7C ). These data indicate that between the mature green stage of seed development and the fully mature dry seeds, P that accumulated in the seed coat was redistributed to the embryo. During the early stage of seed development, the Arabidopsis seed coat is only 5 cells thick on most of the seed surface, and all layers die during the late stage of seed maturation [25, 26] . Release of Pi into the seed apoplast from the dying cells of the seed coat and its subsequent acquisition by the embryo may explain the late P redistribution between seed coat and embryo. P is known to be a highly mobile element in plants as compared to microelements, such as Zn, which have limited mobility [27] . Such difference in element mobility may explain why mutation in the seed-coat Zn exporter HMA led to zinc accumulation in the mature seed coat, whereas no such accumulation is evident for P in the pho1 mutant [7] .
PHOH1 has previously been shown to complement the pho1 mutant when expressed under the control of the PHO1 promoter [18] . Furthermore, the pho1 phoh1 double mutant has lower rootto-shoot Pi transfer capacity compared to the single pho1 mutant [18] . These data indicated that, like PHO1, PHOH1 also mediates Pi export to the root xylem apoplast. However, in developing seeds, expression of PHOH1 did not play a significant role in the transfer of Pi from the seed coat to the embryo. This conclusion is supported by the absence of a statistically significant difference in Pi distribution or Pi flux from the seed coat to embryo in mature green seeds between either WT and phoh1, or pho1 and pho1 phoh1 (Figures 4 and 7) . The lack of evidence for a role of PHOH1 in seed Pi homeostasis was surprising, considering the overlap in the expression domains of PHO1-GUS and PHOH1-GUS in developing seeds. It is possible that distinct post-translational regulation exists between these proteins in developing seeds influencing their Pi export activity. The expression of PHO1 in the megaspore mother cell, functional megaspore, and inner integuments is intriguing. Although ovule development has not been examined in detail in the pho1 mutant-, pho1/WT-and DM/WT-grafted plants show no evidence of reduced fertility compared to the WT/WT control, indicating that the ovules of the pho1 mutant are competent for fertilization. It is possible that functional redundancy exists between PHO1 and other members of the PHO1 gene family expressed during ovule development, thus masking any phenotypes in the single pho1 mutant. Although the need for Pi export in the developing ovule is unclear, PHO1 may not only be important in Pi transfer between tissues (e.g., root to shoot, and seed coat to embryo) but may also play more subtle roles in regulating ion fluxes associated with signaling pathways in specific cells, such as the role of PHO1 in the response of guard cells to abscisic acid [19] . It is thus perhaps in that context that PHO1 participates in ovule development. P content in seeds is an important agricultural trait. On one hand, high seed P content can promote early seedling establishment and vigor, which can positively impact yield [28] . On the other hand, harvest of grains with high P content is an important factor in the global P cycle, driving soil P depletion that must be replenished via the application of fertilizers, a practice associated with risks of eutrophication [29] . Furthermore, phytate, the main storage form of P in seeds, is an efficient chelator of essential microelements, such as zinc, and high phytate content in cereals is associated with microelement deficiencies [30] . There is thus a need to optimize P accumulation in seeds to maintain seedling vigor while limiting its negative impact on global P cycling and animal nutrition [31] . In this context, this work on the role of PHO1 in seeds represents an important first step in the quest to gain fundamental insights into the molecular players participating in seed P homeostasis in model plants, such as Arabidopsis, and crops.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
All A. thaliana plants were of the Columbia-0 (Col-0) ecotype. The pho1-1 and pho1-2 mutants were previously described [12] , as well as the phoh1-1 mutant [18] . The phoh1-4 allele was derived from the GABI line 462F04. Transgenic plants expressing the PHO1-YFP fusion under the PHO1 promoter were kindly provided by Tzyy-Jen Chiou (National Chung-Hsing University and Academia Sinica, Taiwan) and were previously described [33] . For in vitro experiments, plants were first surface-sterilized with 15% NaClO for 4 min followed by two washes with sterile water before sowing on half-strength Murashige and Skoog (MS) salts (2.2g/L) containing 1% (w/v) sucrose and 0.8% (w/v) agar. Plants were typically grown in soil at 22 C, 60% humidity, 100 mmol m À2 s À1 of white light and a photoperiod of 16 hr light/8 hr dark.
METHOD DETAILS
Glucuronidase staining Seedlings, ovules and developing seeds were dissected and stained for GUS activity by infiltrating, under mild vacuum, a solution containing 1mM (seedlings, developing seeds) or 2mM (ovules) 5-bromo-4-chloro-3-indolyl-b-glucoronic acid (X-Gluc), 10mM EDTA, 2mM potassium ferricyanide, 2mM potassium ferrocyanide, 0.1% Triton X-100 and 100mM sodium phosphate, pH7. The enzymatic reaction was performed overnight at 37 C in the dark. Stained tissues were washed with a graded ethanol series (10% -80%) and cleared in chloral hydrate solution (2.7g/ml in 30% glycerol). Inorganic phosphate and total phosphorus measurements For the determination of Pi content of leaves, the Pi content was first released from plant tissues by repeated freeze-thaw cycles into distilled water. For seeds, 4 mg per sample were homogenized in 0.4N HCl and shaken for 3.5 hr at room temperature. The Pi concentration in the solution was then quantified by the molybdate colorimetric assay [40] . Briefly, a master mix of 6 volumes of 0.42% (w/v) ammonium molybdate in 1N H 2 SO 4 and 1 volume of 10% ascorbic acid in water was prepared, distributed in 96-well plates and was mixed with the sample in a 4:1 proportion, respectively. The plates were incubated at 37 C for 30 min and the absorbance read at 820 nm. Phosphoric acid was used to make a standard curve.
Total P measurement of dissected seed coats and embryos (5 per sample) at the mature green stage of development or of fully mature seeds (6 per sample) was done using a wet ashing procedure, converting P into Pi. Samples were heated for 16 hr at 80 C in borosilicate tubes containing 150 mL of 90% HNO 3 in a well-ventilated hood. The tubes were next heated at 145 C to completely evaporate the HNO 3 . After cooling at room temperature (RT), 60 mL of 10% (w/v) Mg(NO 3 ) 2 in ethanol was added and the tubes were first heated at 100 C to slowly evaporate the ethanol, and then heated at 300 C for 2 hr. After cooling down at RT, 300 mL of 1N H 2 SO 4 was added, the tubes were closed with a Teflon-lined screw cap and incubated at 100 C for 1 hr. After cooling down at RT, concentration of Pi was determined by the molybdate colorimetric assay as described above. Phytic acid was used to make a standard curve.
Seed size measurements Dried seeds were photographed using a Leica MZ16 FA fluorescent stereomicroscope. The size (area) of seeds were analyzed with the ImageJ software [37] . Cloning Genomic sequences from the start to the penultimate codon of PHO1 (5483bp) and of PHOH1 (3866bp) were first cloned into pENTR2B vectors using the In-Fusion HD Cloning System (Clontech) (see Table S1 for list of oligonucleotides). The insert was then transferred, using the Gateway Cloning System (InVitrogen) into the binary plant expression vectors pMDC107 (for GFP fusions) [34] and pMDC163 (for GUS fusions) [34] that were modified by replacing the CaMV35S promoter with either 2 kb sequence upstream of the translation start of PHO1 or PHOH1 gene [18] , or the 1150 bp fragment containing the promoter of the pARR22 (At3g04280) gene using the oligos ARR22-R and ARR22-F [35] . An amiRNA aimed at targeting the PHO1 gene was constructed by modifying the endogenous amiR-319 [41] using the oligos miRNA-PHO1-1-F and miRNA-PHO1-1-R (Table S1 ). The resulting amiR-PHO1 was introduced, using the Gateway Cloning System, into a modified pMDC32 [34] where the CaMV35S promoter was replaced by the pARR22 promoter.
All the constructs were introduced into Agrobacterium tumefaciens pGV3101(pMP90) [32] and used for transformation of A. thaliana by the flower dip method [42, 43] . Bacteria were first grown at 30 C on plates containing Luria Broth, 2% agar, 50 mg/ml kanamycin and 50 mg/ml spectinomycin. Bacteria were scraped from the plates and resuspended in 120 mL of 5% (w/v) sucrose solution with 0.03% Silwet L-77 to reach an OD 600 of 0.8. Flowers of plants were subsequently dipped into the bacterial solution for 10 s. The procedure was repeated once more after 1 week to ensure a high transformation rate. Transformed plants were kept in a long day chamber and seeds were harvested upon full maturation.
Genotyping
Genotyping the pho1-1 and pho1-2 alleles was done by digesting PCR fragments of the PHO1 gene with restriction enzymes generating bands that are distinct for the various genotypes, according to the CAPS/dCAPS technique [44] . Oligonucleotides and restriction enzymes used to genotype the different pho1 and phoh1 alleles are shown in Table S2 .
QUANTIFICATION AND STATISTICAL ANALYSIS
Values are presented as mean ± SD. Student's t test was used for statistical analyses, with p < 0.05 considered significant. The number of replicates and sample sizes for all experiments are indicated in the figure legends.
